Neutrophil Responses to Sterile Implant Materials by Jhunjhunwala, Siddharth et al.
RESEARCH ARTICLE
Neutrophil Responses to Sterile Implant
Materials
Siddharth Jhunjhunwala1,5, Stephanie Aresta-DaSilva1,5, Katherine Tang1,5,
David Alvarez6, Matthew J. Webber1,5, Benjamin C. Tang1,5, Danya M. Lavin1,5,
Omid Veiseh1,5, Joshua C. Doloff1,5, Suman Bose1,5, Arturo Vegas1,5, Minglin Ma1,5¤,
Gaurav Sahay1,5, Alan Chiu1,5, Andrew Bader1,5, Erin Langan1,5, Sean Siebert1,5, Jie Li1,5,
Dale L. Greiner7, Peter E. Newburger8,9, Ulrich H. von Andrian6,10, Robert Langer1,2,3,4,5,
Daniel G. Anderson1,2,3,4,5*
1 David H. Koch Institute for Integrative Cancer Research, Massachusetts Institute of Technology,
Cambridge, Massachusetts, 02139, United States of America, 2 Department of Chemical Engineering,
Massachusetts Institute of Technology, Cambridge, Massachusetts, 02139, United States of America,
3 Institute for Medical Engineering and Science, Massachusetts Institute of Technology, Cambridge,
Massachusetts, 02139, United States of America, 4 Harvard-MIT Division of Health Science and
Technology, Massachusetts Institute of Technology, Cambridge, Massachusetts, 02139, United States of
America, 5 Department of Anesthesiology, Boston Children’s Hospital, Boston, Massachusetts, 02115,
United States of America, 6 Department of Microbiology and Immunobiology, Harvard Medical School,
Boston, Massachusetts, 02115, United States of America, 7 Department of Molecular Medicine, Diabetes
Center of Excellence, University of Massachusetts Medical School, Worcester, Massachusetts, 01605,
United States of America, 8 Department of Pediatrics, University of Massachusetts Medical School,
Worcester, Massachusetts, 01605, United States of America, 9 Department of Cancer Biology, University of
Massachusetts Medical School, Worcester, Massachusetts, 01605, United States of America, 10 The Ragon
Institute of MGH, MIT and Harvard, Cambridge, Massachusetts, 02139, United States of America
¤ Current Address: Department of Biological and Environmental Engineering, Cornell University, Ithaca,
New York, 14853, United States of America
* dgander@mit.edu
Abstract
In vivo implantation of sterile materials and devices results in a foreign body immune
response leading to fibrosis of implanted material. Neutrophils, one of the first immune cells
to be recruited to implantation sites, have been suggested to contribute to the establishment
of the inflammatory microenvironment that initiates the fibrotic response. However, the pre-
cise numbers and roles of neutrophils in response to implanted devices remains unclear.
Using a mouse model of peritoneal microcapsule implantation, we show 30–500 fold
increased neutrophil presence in the peritoneal exudates in response to implants. We
demonstrate that these neutrophils secrete increased amounts of a variety of inflammatory
cytokines and chemokines. Further, we observe that they participate in the foreign body
response through the formation of neutrophil extracellular traps (NETs) on implant surfaces.
Our results provide new insight into neutrophil function during a foreign body response to
peritoneal implants which has implications for the development of biologically compatible
medical devices.
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Introduction
Biomaterials, drug delivery systems and medical devices are implanted into the body for a vari-
ety of therapeutic applications [1–4]. Often, foreign body responses against these implants
result in the development of a fibrotic capsule that leads to their operational failure [5–8]. For-
eign body responses begin with the deposition and denaturation of proteins on implant sur-
faces, followed by an inflammatory immune response. Numerous innate immune cells have
been shown to participate in these responses, and potential roles for mast cells [9] as well as
monocytes and macrophages [5–8,10] have been described. The precise role of neutrophils,
another cellular component of the innate immune system, remains unclear.
Neutrophils are the first responders to both sites of invading pathogens and sterile inflam-
mation caused by implantation of biomaterials. The primary function of neutrophils is the
establishment of an acute inflammatory environment through degranulation, secretion of che-
mokines/cytokines, and phagocytosis of foreign substances [11–13]. These functions of neutro-
phils have been assessed, primarily, using either a microbial-infection [12,13] or chemical-
induced inflammation model [14,15]. It remains to be determined, if these changes occur in
neutrophils responding to sterile implant materials. Neutrophils have been shown to be present
at implant sites during the acute stages of inflammation (2–3 days) [5,16,17] and have been
suggested to have a high turnover rate [18]. Further, they have been shown to be involved in
the degradation of implant materials through the release of oxidants [19–21]. However, evi-
dence for their presence at implant sites beyond the early time-points (2–3 days) and their con-
tribution to the inflammatory foreign-body response has been speculative.
Further, recent reports have described an additional role for neutrophils. In response to
invading microbes, neutrophils have been shown to undergo an alternative cell death process
that leads to the formation of granular protein and chromatin based neutrophil extracellular
traps (NETs) [11,22,23]. Although the mechanism of their formation is not completely under-
stood, they are known to be made of DNA and histone proteins, and also contain granular
proteins such as neutrophil elastase [22]. NETs are believed to be a strategy employed by neu-
trophils to trap microbes in vivo, potentially as a response to infectious agents that are too large
(generally larger than 10 μm in any one dimension) for neutrophil phagocytosis [24]. In light
of these reports, we sought to also examine if such structures might be generated by neutrophils
in response to large implants that cannot be taken up neutrophils through phagocytosis.
Results
Immune responses to peritoneal implants
Using a mouse model of peritoneal implantation we characterized immune infiltrates in the
peritoneal cavity, by flow cytometry (Fig 1), in response to implantation of microcapsules
made of 5 different materials (Table 1). The combination of antibodies chosen to characterize
cells in the peritoneal exudate were used to identify neutrophils, monocytes/macrophages, den-
dritic cells, B cells and T cells. Under homeostatic conditions, it has been shown that the perito-
neal exudates contain resident macrophages, dendritic cells, B cells, and T cells [25]. Here we
observe that following microcapsule implantation, a significant proportion (8–35%) of the
peritoneal exudate is comprised of cells that expressed the cell-surface receptor Ly6G (Fig 2A),
which have previously been identified as mouse neutrophils [26,27]. Increased neutrophil pres-
ence is expected at early time points (2–3 days) following implantation due to surgical trauma.
But here we observe a 30–500 fold increase in neutrophil numbers 2 weeks following microcap-
sule implantation, compared to untreated or mock-transplanted mice receiving saline (Fig 2B).
Changes in the numbers of other immune cells were minimal, with macrophages and dendritic
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cells numbers increasing by 5–10 fold only in the alginate microcapsule implanted mice (Fig
2C). Increases in neutrophil numbers was not limited to microcapsules that were spherical in
shape, as similar increases were observed following implantation of non-spherical devices of 3
different shapes (S1 Fig).
Fig 1. Flow cytometry schematics. Representative flow cytometry contour plots describing the gating scheme used to identify different immune cell
subsets (isolated 2 weeks followed alginate microcapsule implantation) in the peritoneal cavity. All single cells retrieved from the peritoneal cavity were run
through flow cytometry.
doi:10.1371/journal.pone.0137550.g001
Table 1. Sizing and counts of microcapsules used asmodels for device implantation in the peritoneal cavity of mice.
Microcapsules or other shaped devices Size Counts per 100 μl
Alginate (fabricated in the laboratory) 474.19 ± 21.7 μm in diameter; Intra-batch deviation = 55.4 1010 ± 160
Glass (acquired from Polysciences) 420–500 μm in diameter 1192 ± 161
Polystyrene (acquired from Polysciences and Phosphorex) 500–600 μm in diameter N.D.
PLGA (acquired from Phosphorex) 512.1 ± 50.2 μm in diameter N.D.
PMMA (acquired from Phosphorex) 497.3 ± 59.3 μm in diameter N.D.
Alginate (~ 300 μm) exact size not determined 2615 ± 304
Alginate (~ 800 μm) exact size not determined 212 ± 28
Alginate (~ 2000 μm) exact size not determined 9
PLGA–low molecular weight (fabricated in the laboratory) 256.66 ± 61.1 μm in diameter N.D.
Alginate (threads) ~ 200 μm in diameter, > 10 cm in length -
Alginate (cylinders) ~ 200 μm in diameter, 1–20 mm height N.D.
N.D. = not determined. Mice were implanted with ~350 μl of microcapsules in all experiments. Total number of microcapsules implanted were calculated
by multiplying the counts of microcapsules measured in 100 μl by a factor of 3.5, for data presented in supplementary Fig 3.
doi:10.1371/journal.pone.0137550.t001
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Sterility and absence of endotoxin contaminants
Increased neutrophil presence, above what is expected due to surgical trauma has generally
been attributed to microbial contaminants (live/dead microbes as well as endotoxin). Impor-
tantly, both the implanted microcapsules and injected saline had undetectable endotoxin levels
as determined using the limulus amebocyte lysate assay (S1 Table). In addition, the absence of
an active infection in the peritoneal cavity was confirmed through endotoxin testing as well as
swab cultures (for detection of live microbes) of the peritoneal fluid (S1 Table). Notably, neu-
trophil numbers increased in response to implantation of alginate when prepared as a cross-
linked hydrogel microcapsule, but not when alginate was implanted as a solution (Fig 3A).
Complementing this data, we observed significantly lower neutrophil levels 2 weeks following
implantation of degradable PLGA microcapsules, when compared to PLGA microcapsules that
do not degrade within this timeframe (Fig 3B). In addition, glass microcapsules that did or did
not undergo pyrolysis treatment, for removal of endotoxins, prior to implantation in mice had
similar increases in neutrophil numbers (Fig 3C). Also, the increase in neutrophil numbers
were directly dependent on the number of microcapsules implanted, and do not appear to be
dependent on surface area of implanted material (Fig 3D and 3E). Further, minimal changes in
the weight of animals (S2 Fig) suggests the absence of an infection.
Neutrophil Function—phagocytosis and inflammatory cytokine/
chemokine secretion
In response to biomaterial or device implantation, neutrophils have been reported to phagocy-
tose the implanted material if it is small enough, and/or establish an inflammatory environ-
ment through the secretion of cytokines and chemokines. The microcapsules implanted in the
peritoneal cavity were too big to be taken up by neutrophils (all diameters>250 μm). Hence,
to evaluate phagocytic capacity of neutrophils present in the peritoneal cavity, fluorescently
tagged polystyrene nanoparticles were administered following implantation of microcapsules.
A significant percentage of peritoneal neutrophils were associated with fluorescent nanoparti-
cles, confirming their phagocytic capacity (Fig 4A). To test for cytokine/chemokine secretion
capacity, neutrophils from the peritoneal cavity of alginate microcapsule implanted mice were
purified using magnetic bead-based purification and cultured overnight ex vivo (~200,000 per
well). Neutrophils from mock control animals were not tested in this assay due to the very low
numbers of these cells (<5000 per mouse). Instead, bone marrow neutrophils were used as
controls in this assay, as these cells are thought to be naïve (not activated and secreting inflam-
matory mediators) [28,29]. The cytokines/chemokines present in the cell culture supernatant
were then quantified using a multiplex luminex assay. Peritoneal-neutrophils secreted a num-
ber of cytokines and chemokines in significantly greater quantities (Fig 4B), when compared to
bone marrow-neutrophils, which indicate their ability to promote the establishment of an
inflammatory microenvironment and demonstrate that these cells are activated.
Fig 2. Increased neutrophil presence in peritoneal exudate followingmicrocapsule implantation. (A)–
Representative flow cytometry contour plots showing percentages of neutrophils (CD11b+ Ly6G+) in the
peritoneal exudate of mice implanted with microcapsules made of different materials. (B)–Counts of
neutrophils in the peritoneal exudate 2 weeks following implantation of microcapsules made of different
materials compared to control untreated and mock treated mice. C–Counts of monocyte/macrophage
(CD11b+ Ly6G- CD11c-), dendritic cells (CD11b+ CD11c+), B cells (CD19+), and T cells (TCRβ+) in the
peritoneal exudate 2 weeks following implantation of microcapsules made of different materials compared to
control untreated and mock treated mice. Mock treatment entailed performing a laparotomy and injecting
sterile saline (sham surgery). *** indicates p<0.001, using one-way ANOVA followed by Bonferroni post-test
comparing specific sample to mock or untreated. Data are representative of at least 2 independent
experiments with total n 5.
doi:10.1371/journal.pone.0137550.g002
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Fig 3. Increased neutrophil presence is due to biomaterial implants. (A)–Comparison of neutrophil counts
in mice implanted with alginate in its solution or cross-linked hydrogel microcapsule form (measured 2 weeks
following implantation). Mock and alginate microcapsule datasets are the same as presented in Fig 2. (B)–
Comparison of neutrophil counts in mice implanted with PLGA that will or will not degrade in 2 weeks
(measured 2 weeks following implantation). Datasets on PLGAmicrocapsules that do not degrade are the
same as presented in Fig 2. Data are based on at least 2 independent experiments with n 5 for A and B.
*** indicates p<0.001, using one-way ANOVA followed by Bonferroni post-test. (C)–Comparison of neutrophil
counts in mice implanted with glass microcapsules that did or did not undergo pyrolysis treatment. Data are
based on at least 1 independent experiment with n 4. 'ns' indicates not significant. Datasets on glass
Neutrophils and Biomaterial Implants
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Neutrophil Extracellular Traps
Next, we evaluated whether NETs were produced in response to implantation of devices, as the
microcapsules we implant in the peritoneal cavity are too large to be taken up by neutrophils.
Three days following implantation of either polystyrene or poly (methyl-methacrylate) micro-
capsules, extracellular deposits were observed on the microcapsule surface using scanning elec-
tron microscopy (S3 Fig). Immunofluorescent detection of DNA/Histone H1 and neutrophil
elastase on polystyrene and PMMAmicrocapsule surfaces (3 days following implantation) as
well as on alginate microcapsule surfaces (1 week following implantation), suggested that at
least a few of these structures were neutrophil extracellular traps (Fig 5 and S4 Fig). Myeloper-
oxidase (Fig A in S5 Fig) and cirtullinated histone H3 (Fig B in S5 Fig) along with DNA (sytox
based detection) were also observed, providing further support for NET formation on micro-
capsule surfaces. Additionally, a ~3-fold increase in neutrophil elastase was observed in the
peritoneal exudate of mice implanted with alginate microcapsule when compared to saline
controls (Fig C in S5 Fig).
Discussion
Neutrophils are thought to have a limited role in responses to sterile inflammatory insults,
such as implantation of a medical device [4–6,10,30,31], due to their relatively short life-span
[32–34] and their primary role of killing microbes through degranulation [11–13]. However,
the details of this limited role remain unclear. Neutrophils have been suggested to be present
during the acute stages of inflammation [17], aid in implant degradation [19–21], and it has
been speculated that they are involved in secreting inflammatory mediators at implant sites [5].
Here we present evidence that suggests neutrophils are present at peritoneal implant sites for a
longer duration, demonstrate that they secrete a variety of inflammatory cytokines and chemo-
kines, and describe a potential additional role for neutrophils at the biological-implant
interface.
In a mouse model of peritoneal implantation using spherical microcapsules made of 5 dif-
ferent materials and implants made of 4 different shapes, we observe an increased neutrophil
presence in the peritoneal exudates (Fig 2). Neutrophil presence beyond acute stages of surgical
trauma (2–3 days following surgery) has been suggested to be a result of microbial contami-
nants [4,31]. Our observations of undetectable endotoxin levels (i) in the peritoneal fluid of
implanted mice; (ii) on the devices themselves; (iii) in the materials used to make devices; and
(iv) in the saline vehicle, support the absence of endotoxin in these studies (S1 Table). Addi-
tionally, all mice implanted with microcapsules remained healthy, as determined through mea-
suring body-weight changes (S2 Fig) and with regular veterinary check-ups, suggesting the
absence of an active infection associated with surgical implantation. We also observed that
implantation of one of the materials (alginate) as a solution, when compared to its hydrogel
state as a microcapsule device, did not result in increased neutrophil presence (Fig 3A). Fur-
ther, we show that microcapsules that degrade do not leave a residual neutrophil presence
microcapsules that were not pyrolysis treated are the same as presented in Fig 2. (D)–Dependence of number
of neutrophils observed in the peritoneal exduate on the number of microcapsules implanted, and less to
absence of dependence on surface area of microcapsules. Black dots represent ~500μm, green dot represents
~300μm, red dot represents ~800μmand blue dot represents ~2000μmalginate microcapsules. Data are
based on at least 1 independent experiment with n 5 mice for each microcapsule count. (E)–Curve fitting for
data presented in 'D'. A non-linear 3-parameter dose response curve (mean of Log[neutrophil counts] vs Log
[microcapsule count] or Log[microcapsule surface area]) was fitted assuming that microcapsules act as a
stimulant for neutrophils. R2 value was 0.96 for the fit using the microcapsule counts, suggesting a direct
correlation between neutrophil counts and microcapsule counts.
doi:10.1371/journal.pone.0137550.g003
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(Fig 3B). Put together, these data strongly suggest that the neutrophil response observed in this
model of peritoneal implantation is not due to a contaminating microbial inflammatory stimu-
lus (either endotoxin or active microbial infection), but rather due to the presence of foreign
device materials in the peritoneal space.
Neutrophils function primarily through phagocytosis and the secretion of inflammatory
cytokines/chemokines. We confirm the phagocytic capacity of neutrophils through their ability
to take up fluorescent nanoparticles co-injected with larger implants (Fig 4A). Neutrophils
recruited to the peritoneal cavity in response to chemical stimuli have enhanced expression of
a variety of inflammatory chemokines/cytokine genes, when compared to their "non-inflam-
matory" bone marrow counterparts [29]. We sought to determine if such changes would be
observed in neutrophils recruited to the peritoneal cavity in response to implant materials.
Magnetic bead based neutrophil purification followed by their overnight ex vivo culture, con-
firms the ability of peritoneal neutrophils to secrete increased amounts of inflammatory
Fig 4. Neutrophil Function. (A)–Confirmation of neutrophil phagocytic capacity. Fluorescent nanoparticles (~190 nm polystyrene nanoparticles) were
injected intraperitoneally, 1 week following alginate microcapsule implantation. Left–Representative flow cytometry histograms generated following gating on
Ly6G+ cells showing nanoparticles (NP) associated with neutrophils. Grey histograms are fluorescence intensities in control mice that have not been injected
with nanoparticles. Right–Quantification of the NP uptake histograms, showing a large increase in NP MFI 3 hours post NP injection that drops over time.
Data are representative of at least 1 independent experiment with total n 4. (B)–Multiplex luminex assay to measure chemokines and cytokines secreted by
neutrophils. Neutrophils were isolated using a magnetic bead based negative selection technique, followed by ex vivo overnight culture. Higher amounts of
key inflammatory cytokines and chemokines are secreted by peritoneal cavity but not bone marrow neutrophils. B.D.L. = below detectable levels. ** and
*** indicate p<0.01 and p<0.001, respectively, using a two-tailed Student's t test with Welch's correction (for samples where the levels of cytokine/
chemokine are above detectable levels). # indicates p<0.01 using a two-tailed Fisher's exact test, for samples where the levels of cytokine/chemokine were
below detectable levels. Data presented are based on n = 6.
doi:10.1371/journal.pone.0137550.g004
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mediators, when compared to bone marrow neutrophils, which alludes to their activated state
(Fig 4B).
To determine if neutrophils form extracellular traps as a component of their response to
implanted devices, we performed multiple imaging studies on the surface of implants. Scanning
electron micrographs of implants of two different materials (polystyrene and PMMA) showed
extracellular deposits on the surface (S3 Fig). Although, these structures could be cellular
extensions and/or protein deposits, the presence of a few long, thin (<50nm width) fibers sug-
gested that at least some of these structures could be extracellular DNA/chromatin fibers.
Detection of DNA/Histone-H1 and neutrophil elastase (Fig 5), as well as the combination of
DNA (Sytox), myeloperoxidase, citrullinated histone H3 and histone-H1 (Figs A and B in S5
Fig) [22,23] supports NET formation on the implant surface. Overall, these data indicate that
neutrophils more closely interact with implanted foreign bodies and potentially contribute to
deposition of NETs on their surface.
The peritoneal model for implantation was chosen for the ease in counting and characteriz-
ing (using flow cytometry) immune infiltrates [35–37]. It remains to be seen if short-term (up
to 2 weeks) increases in neutrophil presence, in the absence of microbial contaminants, would
Fig 5. Neutrophil extracellular traps. Representative z-stacked immunofluorescence images showing neutrophil elastase and DNA/histone-H1 on the
surface of microcapsules. Alginate microcapsules were retrieved 1–2 weeks following implantation, while Polystyrene and PMMAmicrocapsules were
retrieved 3 days following implantation. Images are representative of at least 2 independent experiments with total n 5 mice, and imaging of multiple
retrieved microcapsules from each mouse. Scale bar = 100 μm.
doi:10.1371/journal.pone.0137550.g005
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be observed in other tissues as well, given multiple established reports suggesting that neutro-
phil presence is limited at subcutaneous and intramuscular implant sites (reviewed in [5,6]).
Importantly, we observe at least a few NET-like structures on a majority of alginate microcap-
sules at 1 week post implantation, and PMMA and polystyrene microcapsules at 3 days post
implantation (Fig 5). However, currently, we are unable to quantify NET formation on individ-
ual microcapsules or the implant as a whole. Additionally, the kinetics as well as the factor/s
and signaling cascades eliciting NET formation on implant surfaces remain unclear. Further
research is required to determine the role of NETs in the overall fibrotic reaction and if NETs
on implant surfaces could act to nucleate implant fibrosis.
Conclusion
In conclusion, we demonstrate significantly increased neutrophil presence in the peritoneal
space 2 weeks following microcapsule implantation. These increases are due to sterile inflam-
matory responses against the implant and not due to endotoxin or microbial contamination.
The recruited neutrophils are activated, secrete inflammatory mediators and potentially form
NETs on implant surfaces. These results suggest an additional role for neutrophils in the for-
eign body response against implanted devices, which could have potential implications in
developing more compatible medical devices and providing new drug targets to prevent
implant fibrosis. Further, this peritoneal microcapsule implantation model could help in eluci-
dating the broader roles of neutrophils in sterile inflammatory reactions.
Materials and Methods
Mice
Male C57BL/6J mice were purchased from Jackson Laboratories (Bar Harbor, Maine, USA).
Mice in the age range of 8–12 week (corresponding to 20–25 grams for male were used in all
experiments. All animal experiments described in this study were specifically approved by the
Massachusetts Institute of Technology and Boston Children's Hospital Committee on Animal
Care, and followed federal and state regulations. Mice were euthanized using carbon dioxide
asphyxiation followed by cervical dislocation as a secondary method, as approved by the MIT
committee on animal care
Alginate microcapsules
Alginate microcapsules were prepared using an electrostatic droplet generator as described
[38]. Briefly, SLG20 alginate (Nova Matrix, FMC BioPolymer, Drammen, Norway) was
dissolved in 0.9% (w/v) NaCl solution to a concentration of 1.4% (w/v). For 500 μm sized
microcapsules, alginate solution was passed through a 25G blunt needle, at a flow rate of
0.18 ml/min and a voltage of approximately 5 kV, into a 20 mM BaCl2 cross-linking solution.
For 300 μm, 800 μm and 2000 μm sized capsules, alginate was passed through a 27G, 25G and
18G blunt needle, respectively. Capsules were collected and washed six times in HEPES buffer
(132 mMNaCl, 4.7 mL KCl, 25 mMHEPES, 1.2 mMMgCl2) and stored overnight at 4C in
HEPES buffer. Prior to in vivo implantation, the alginate microcapsules were washed six
times in 0.9% (w/v) NaCl solution. All materials used in the preparation of these microcapsules
were endotoxin free (endotoxin below detection limits as stated by manufacturers). Alginate
microcapsules were prepared inside a biological laminar flow hood and all solutions used
(saline, HEPES, BaCl2) were autoclaved prior to use.
Neutrophils and Biomaterial Implants
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Glass, polystyrene and PMMAmicrocapsules
Glass microcapsules were purchased from Polysciences Incorporated (Warrington, PA, USA),
polystyrene microcapsules from Polysciences or Phosphorex (Hopkinton, MA, USA), and poly
methyl-methacrylate microcapsules (PMMA) were purchased from Phosphorex. Microcap-
sules were washed with 70% ethanol (4 times), transferred to a biological laminar flow hood,
and washed with sterile saline (4 times) prior to implantation in mice. All microcapsules were
handled in endotoxin, DNase and RNase free microcentrifuge tubes.
PLGAmicrocapsules
Poly (lactic-co-glycolic) acid (PLGA) microcapsules that do not degrade in 2 weeks (made of
polymer with inherent viscosity of 0.4–0.5) were purchased from Phosphorex. While PLGA
microcapsules that degrade in 2 weeks (made of polymer with inherent viscosity of 0.16–0.25)
were prepared using a single emulsion-evaporation technique in our laboratory. Degradation of
these capsules was tested by incubating in saline at 37°C in vitro (with regular changes in saline)
as well as by in vivo implantation (no capsules visible for retrieval 2 weeks post implantation).
In most experiments (unless specified otherwise), microcapsules with a diameter of ~500 μm
were used and approximately 3500 microcapsules were implanted per mouse.
Pyrolysis treatment
Pyrolysis of glass microcapsules was performed by alternately heating microcapsules placed in
a glass container to 240°C for 1 hour and sonicating for 20 min (repeated 3 times). Microcap-
sules that underwent pyrolysis were transferred to a biological laminar flow hood, washed with
sterile saline and implanted in mice.
In vivo surgical implantation of microcapsules
Mice were anesthetized using isoflurane in oxygen at a flow rate of 2.5 L/min. A 1 cm incision
was made on the skin surrounding the abdomen and the microcapsules were either injected
through the peritoneal wall using an 18 gauge needle or implanted using a sterile transfer pipet
following a 0.5–1 cm incision along the midline in the peritoneal wall. The incision in the peri-
toneal wall was closed using a 6–0 taper polydioxanone (PDS II) suture. The skin incision was
closed using a reflex wound clip system and VetBond tissue adhesive. All animals received sub-
cutaneous buprenorphine (0.05 mg/kg) preoperatively and every 8–12 hours for 2 days postop-
eratively. Additionally, subcutaneous saline was provided to animals as required.
Microcapsules (approximately 350 μl) were suspended in an additional 0.5 ml of 0.9% NaCl
for implantation. The entire volume of ~850 μl was injected into the peritoneal cavity during
surgery. In mock controls (also called sham surgery), the animals underwent surgical proce-
dures as described above with one modification–the injected material was ~850 μl of saline (no
microcapsules). In alginate solution injected animals, an un-cross-linked solution of SLG20
alginate (350 μl) was suspended in an additional 0.5 ml of 0.9% NaCl prior to injection.
Retrieval of cells and implants
For retrievals, mice were euthanized through gaseous CO2 administration followed by cervical
dislocation. Immediately following euthanasia, 5 ml of cold phosphate buffered saline (PBS)
was injected into the peritoneal cavity using a 25G needle. Through a small incision in the peri-
toneal wall, cells and peritoneal fluid were retrieved, passed through a 70 μm filter (to filter out
implants) and stored on ice prior to analysis. Microcapsules were collected on the 70 μm filter
Neutrophils and Biomaterial Implants
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by rinsing the peritoneal cavity with Krebs-Henseleit solution and stored in this solution or fix-
ative (2% paraformaldehyde) prior to analysis.
Cell counts
All cells isolated from the peritoneal exudate were subjected to red blood cell lysis, following
which single cell suspensions were prepared. Total live cell counts (Trypan Blue negative) were
determined by using the automated cell counter, Countess (Life Technologies, Grand Island,
NY, USA). To determine, total counts of neutrophils, the total live cell counts were multiplied
by the percentage of cells that were Ly6G+ CD11b+ of the singlet population on flow
cytometry.
Flow cytometry
Single cell suspensions from the peritoneal cavity were prepared in PBS containing 0.5% bovine
serum albumin and 2 mM EDTA (staining solution). Cells were stained with the following anti-
bodies to surface receptors (table below) for 20 minutes at 4C in the presence of Fc Block prior
to data collection on a BD-LSR II, BD-LSR Fortessa or BD-LSR Canto. Data were analyzed using
FlowJo (Tree Star Inc., Ashland, OR, USA). The following antibodies were used: Ly6G (clone
1A8), Ly6C (clone HK1.4), CD11b (clone M1/70), CD19 (clone 6D5), TCRβ (clone H57-97),
CD11c (clone N418), F4/80 (clone BM8), CD115 (clone AFS98), and CD14 (clone Sa14-2). All
antibodies were purchased from Biolegend (San Diego, CA) or eBioscience (San Diego, CA).
Imaging of microcapsules
Retrieved microcapsules were washed with Krebs-Henseleit solution prior to phase contrast
imaging, or were fixed in 2% paraformaldehyde (in PBS) for 4 hours. Following multiple washing
steps (washing buffer–PBS containing 1% BSA), microcapsules were suspended in staining solu-
tion (same as in flow cytometry) in 1.5 ml micro-centrifuge tubes. Primary antibodies against,
Ly6G-Alexa-Fluor-647 (1A8, Biolegend; 1:50 dilution), DNA/Histone H1 (MAB3864, Millipore;
1:200 dilution), neutrophil elastase (ab21595, Abcam; 1:200 dilution), Histone-H1 (ab61177,
Abcam; 1:250 dilution), citrulline Histone-H3 (ab5103, Abcam; 1:100 dilution), and/or myelo-
peroxidase (ab90810, Abcam; 1:50 dilution) were added and left on a gentle rocker for 1 hour at
4°C. Following multiple washes, secondary antibodies were added at 1:1000 dilution and left on
a gentle rocker for 1 hour at 4C. Again, after multiple washes, microcapsules were suspended in
PBS and 500nMDAPI and/or Sytox red (Life Technologies) added for 15 min at room tempera-
ture. Following 3 washes using PBS, microcapsules were suspended in 50:50 glycerol:PBS solu-
tion and saved at 4°C for imaging. None of the steps involved addition of tween or other
detergents for cell permeabilization. Immunofluorescence imaging was performed using a Zeiss
LSM-700. Laser power and gain settings were adjusted using control samples that were stained
with secondary antibodies only, and kept constant while imaging all the samples. Z-stacks of
individual capsules (50–100 μm depth) were collected with a 4–5 μm section interval, and a 3-D
stack (represented as a 2-D image) was generated using 3D reviewer on the Zeiss Zen software.
Three post image acquisition processing steps were performed on FIJI: (i) adjustment of bright-
ness and contrast to the entire image (including control samples), (ii) cropping images to limit
the region of interest to individual capsules and (iii) the addition of a scale-bar.
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Neutrophil isolation
Neutrophils were isolated from a mixed population of peritoneal cavity and bone marrow cells
using a magnetic bead based negative selection kit (Stemcell Technologies, Vancouver, BC,
Canada) in accordance with the manufacturer's protocol with one modification: in addition to
the antibodies provided by manufacturer, we added purified anti-mouse CD115 (clone AFS98)
at 1:250 dilution to the cells. Following incubation with the antibodies, magnetic beads for the
separation of antibody bound cells were added. Bead bound cells were removed from the cell
mixture, leaving behind a purified population of neutrophils.
Multiplex Luminex assay
Purified neutrophils were cultured overnight in cell culture media (DMEM–low glucose con-
tent from Life Technologies containing 10% fetal bovine serum and 1% antibiotics). The con-
trol for this assay was media left overnight in the same plate without cells. Following overnight
culture, cell culture supernatant was collected and stored at -80C prior to assay. A BioRad
(Hercules, CA, USA) 32-plex mouse cytokine, chemokine assay was used according to manu-
facturer's instructions. Data was collected using a Bio-Rad 200 system.
Neutrophil elastase measurement
To collect peritoneal fluid the peritoneal cavity of euthanized mice was first injected with 2.5 ml
of sterile PBS. Peritoneal fluid along with PBS was retrieved and passed through a 70 μm filter to
remove implanted microcapsules. Under sterile conditions, the fluid was passed through a 5 μm
syringe filter prior to storage at -80C. A separate cohort of mice were used for these experiments.
Neutrophil elastase activity in this solution was measured using a kit purchased from Cayman
Chemical Company (Ann Arbor, MI, USA) and used according to manufacturer's instructions.
Neutrophil elastase activity data frommock and microcapsule implanted animals was normal-
ized to untreated controls.
Nanoparticle uptake experiments
Mice were implanted with alginate microcapsules to elicit neutrophil recruitment. One week
following implantation, fluorescent polystyrene nanoparticles (NP)– 200 μl of Flash Red
190nm PS particles (Bangs Laboratories Inc., Fishers, IN, USA) per mouse, were injected intra-
peritoneally. At different time points following NP injection peritoneal exudates were recov-
ered and NP associated with Ly6G+ cells were determined using flow cytometry.
Statistics
All data presented in the main paper are based on at least 2 or more independent experiments
with a total of at least 5 animals per experimental group. An independent experiment is
described as an experiment involving new/different batches of microcapsules, reagents, mice
and performed on a separate date. Each 'n' represents an individual animal (for in vivo studies)
or samples pooled together from one or multiple animals (for ex vivo studies). All data were
analyzed and graphs generated using GraphPad Prism 5 (GraphPad Software, La Jolla, CA,
USA). One-way ANOVA was used for all statistical comparisons involving multiple groups,
and an unpaired Student's t-test with Welch's correction was used for comparisons between 2
groups. For the multiplex luminex assay samples that were below detectable levels (hence no
numerical value associated with them), a two-tailed Fisher's exact test was used for statistical
analysis, in which the data was represented as categories (detectable vs. non-detectable).
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Significance is represented as  p<0.05,  p<0.01,  p<0.001 and # p<0.01. Data are always
presented as mean ± standard deviation.
Supporting Information
S1 Fig. Effect of implant shape on neutrophil numbers. Neutrophil presence in response to
alginate implants that were spheres (same as data presented in Fig 2), threads, cylinders or irregu-
lar-shaped was determined. Data are based on at least 1 independent experiment with n 3 mice.
(PDF)
S2 Fig. Weight changes in mice. No significant changes were observed in the weight of mice
that were mock treated or implanted with alginate microcapsules. An expected drop in weight
was observed following surgery (in both mock and microcapsule implanted), but the weights
quickly recovered and by 2 weeks following surgery the mice had started to gain weight.
(PDF)
S3 Fig. Neutrophil extracellular traps (SEM). Scanning electron micrographs of polystyrene
and PMMAmicrocapsules retrieved 3 days following implantation in male C57BL/6J mice.
Long, thin fibers are observed on the surface of the microcapsules that could potentially be part
of neutrophil extracellular traps. Scale bars on images are 5 μm, except for PMMA extreme
right (1 μm) image. Images are representative of 2 independent experiments with n 5.
(PDF)
S4 Fig. Addendum to Fig 5 in manuscript. Additional images of data presented in Fig 5. See
legend of Fig 5 for details.
(PDF)
S5 Fig. Neutrophil extracellular traps (additional stains). (A)–Representative z-stacked
immunofluorescence images showing histone-H1, myeloperoxidase (MPO) and DNA (sytox and
DAPI) on the surface of microcapsules. Polystyrene and PMMAmicrocapsules were explanted 3
days following implantation. Scale bar = 100 μm. In merged images, blue represents sytox, red–
MPO and green–Histone-H1. (B)–Representative z-stacked immunofluorescence images showing
citrullinated histone-H3 and DNA (sytox and DAPI) on the surface of microcapsules. PMMA
microcapsules were explanted 3 days following implantation. Scale bar = 100 μm. In merged
image, blue represents DAPI, green–cit-histone-H3 and purple–sytox. Data in 'B' and 'C' are rep-
resentative of 1 independent experiment with n = 3 mice, and imaging of multiple microcapsules
explanted from each mouse. (C)–Measurement of neutrophil elastase activity in the peritoneal
fluid of mock or alginate microcapsule implanted mice (2 weeks post implantation).  indicates
p<0.05. Data are representative of 2 independent experiments with n = 6.
(PDF)
S1 Table. Absence of microbial contaminants and infections in the peritoneal cavity. Endo-
toxin testing, culture of peritoneal fluid and general health of animals implanted with micro-
capsules suggested an absence of microbial contaminants or infections.
(PDF)
Acknowledgments
We thank Wendy Salmon and Nicki Watson, at the W.M. Keck Microscopy facility at the
Whitehead Institute, for assistance with confocal and electron microscopy, and the Flow
cytometry core facility at MIT.
Neutrophils and Biomaterial Implants
PLOS ONE | DOI:10.1371/journal.pone.0137550 September 10, 2015 14 / 16
Author Contributions
Conceived and designed the experiments: SJ RL DGA. Performed the experiments: SJ SAD KT
DAMJW BCT DML OV JCD SB AVMMGS AC AB EL SS JL. Analyzed the data: SJ DLG
PEN RL DGA. Contributed reagents/materials/analysis tools: DA UvA. Wrote the paper: SJ
DA DLG PEN UHvA RL DGA.
References
1. Langer R, Tirrell DA. Designing materials for biology and medicine. Nature. 2004; 428: 487–492.
PMID: 15057821
2. Pashuck ET, Stevens MM. Designing regenerative biomaterial therapies for the clinic. Sci Transl Med.
2012; 4: 160sr164.
3. Peppas NA, Langer R. New challenges in biomaterials. Science. 1994; 263: 1715–1720. PMID:
8134835
4. Ratner BD, Hoffman AS, Schoen FJ, Lemons JE. Biomaterials Science. Amsterdam: Elsevier. 2012.
5. Anderson JM, Rodriguez A, Chang DT. Foreign body reaction to biomaterials. Semin Immunol. 2008;
20: 86–100. PMID: 18162407
6. Luttikhuizen DT, HarmsenMC, Van LuynMJ. Cellular and molecular dynamics in the foreign body reac-
tion. Tissue Eng. 2006; 12: 1955–1970. PMID: 16889525
7. Tang L, Eaton JW. Natural responses to unnatural materials: A molecular mechanism for foreign body
reactions. Mol Med. 1999; 5: 351–358. PMID: 10415159
8. Williams DF. On the mechanisms of biocompatibility. Biomaterials. 2008; 29: 2941–2953. doi: 10.
1016/j.biomaterials.2008.04.023 PMID: 18440630
9. Tang L, Jennings TA, Eaton JW. Mast cells mediate acute inflammatory responses to implanted bioma-
terials. Proc Natl Acad Sci U S A. 1998; 95: 8841–8846. PMID: 9671766
10. Anderson JM. Biological responses to materials. Annual Review of Materials Research. 2001; 31: 81–
110.
11. Amulic B, Cazalet C, Hayes GL, Metzler KD, Zychlinsky A. Neutrophil function: frommechanisms to
disease. Annu Rev Immunol. 2012; 30: 459–489. doi: 10.1146/annurev-immunol-020711-074942
PMID: 22224774
12. Kolaczkowska E, Kubes P. Neutrophil recruitment and function in health and inflammation. Nat Rev
Immunol. 2013; 13: 159–175. doi: 10.1038/nri3399 PMID: 23435331
13. Nauseef WM, Borregaard N. Neutrophils at work. Nat Immunol. 2014; 15: 602–611. doi: 10.1038/ni.
2921 PMID: 24940954
14. Kaw JL, Beck EG. Cellular response to various chemical stimulants in the peritoneal cavity of the
mouse. Jpn J Exp Med. 1982; 52: 261–266. PMID: 7169671
15. Lagasse E, Weissman IL. Flow cytometric identification of murine neutrophils and monocytes. J Immu-
nol Methods. 1996; 197: 139–150. PMID: 8890901
16. Tang L, Eaton JW. Fibrin(ogen) mediates acute inflammatory responses to biomaterials. J Exp Med.
1993; 178: 2147–2156. PMID: 8245787
17. Zdolsek J, Eaton JW, Tang L. Histamine release and fibrinogen adsorption mediate acute inflammatory
responses to biomaterial implants in humans. J Transl Med. 2007; 5: 31. PMID: 17603911
18. Zimmerli W, Lew PD,Waldvogel FA. Pathogenesis of foreign body infection. Evidence for a local granu-
locyte defect. J Clin Invest. 1984; 73: 1191–1200. PMID: 6323536
19. Labow RS, Meek E, Santerre JP. Neutrophil-mediated biodegradation of medical implant materials. J
Cell Physiol. 2001; 186: 95–103. PMID: 11147818
20. Ye Q, Harmsen MC, van Luyn MJ, Bank RA. The relationship between collagen scaffold cross-linking
agents and neutrophils in the foreign body reaction. Biomaterials. 2010; 31: 9192–9201. doi: 10.1016/j.
biomaterials.2010.08.049 PMID: 20828809
21. Sutherland K, Mahoney JR 2nd, Coury AJ, Eaton JW. Degradation of biomaterials by phagocyte-
derived oxidants. J Clin Invest. 1993; 92: 2360–2367. PMID: 8227352
22. Brinkmann V, Reichard U, Goosmann C, Fauler B, Uhlemann Y, Weiss DS, et al. Neutrophil extracellu-
lar traps kill bacteria. Science. 2004; 303: 1532–1535. PMID: 15001782
23. Fuchs TA, Abed U, Goosmann C, Hurwitz R, Schulze I, Wahn V, et al. Novel cell death program leads
to neutrophil extracellular traps. J Cell Biol. 2007; 176: 231–241. PMID: 17210947
Neutrophils and Biomaterial Implants
PLOS ONE | DOI:10.1371/journal.pone.0137550 September 10, 2015 15 / 16
24. Branzk N, Lubojemska A, Hardison SE, Wang Q, Gutierrez MG, Brown GD, et al. Neutrophils sense
microbe size and selectively release neutrophil extracellular traps in response to large pathogens. Nat
Immunol. 2014; 15: 1017–1025. doi: 10.1038/ni.2987 PMID: 25217981
25. Ghosn EE, Cassado AA, Govoni GR, Fukuhara T, Yang Y, Monack DM, et al. Two physically, function-
ally, and developmentally distinct peritoneal macrophage subsets. Proc Natl Acad Sci U S A. 2010;
107: 2568–2573. doi: 10.1073/pnas.0915000107 PMID: 20133793
26. Lee PY, Wang JX, Parisini E, Dascher CC, Nigrovic PA. Ly6 family proteins in neutrophil biology. J Leu-
koc Biol. 2013; 94: 585–594. doi: 10.1189/jlb.0113014 PMID: 23543767
27. Lee PY, Kumagai Y, Xu Y, Li Y, Barker T, Liu C, et al. IL-1alpha modulates neutrophil recruitment in
chronic inflammation induced by hydrocarbon oil. J Immunol. 2011; 186: 1747–1754. doi: 10.4049/
jimmunol.1001328 PMID: 21191074
28. Itou T, Collins LV, Thoren FB, Dahlgren C, Karlsson A. Changes in activation states of murine polymor-
phonuclear leukocytes (PMN) during inflammation: a comparison of bone marrow and peritoneal exu-
date PMN. Clin Vaccine Immunol. 2006; 13: 575–583. PMID: 16682479
29. Lakschevitz FS, Visser MB, Sun C, Glogauer M. Neutrophil transcriptional profile changes during transit
from bone marrow to sites of inflammation. Cell Mol Immunol. 2015; 12: 53–65. doi: 10.1038/cmi.2014.
37 PMID: 24909740
30. Grainger DW. All charged up about implanted biomaterials. Nat Biotechnol. 2013; 31: 507–509. doi:
10.1038/nbt.2600 PMID: 23752436
31. Ratner BD. Healing with medical implants: The body battles back. Sci Transl Med. 2015; 7: 272fs274.
32. Borregaard N. Neutrophils, frommarrow to microbes. Immunity. 2010; 33: 657–670. doi: 10.1016/j.
immuni.2010.11.011 PMID: 21094463
33. Galli SJ, Borregaard N, Wynn TA. Phenotypic and functional plasticity of cells of innate immunity: mac-
rophages, mast cells and neutrophils. Nat Immunol. 2011; 12: 1035–1044. doi: 10.1038/ni.2109 PMID:
22012443
34. Summers C, Rankin SM, Condliffe AM, Singh N, Peters AM, Chilvers ER. Neutrophil kinetics in health
and disease. Trends Immunol. 2010; 31: 318–324. doi: 10.1016/j.it.2010.05.006 PMID: 20620114
35. Mooney JE, Rolfe BE, Osborne GW, Sester DP, van Rooijen N, Campbell GR, et al. Cellular plasticity
of inflammatory myeloid cells in the peritoneal foreign body response. Am J Pathol. 2010; 176: 369–
380. doi: 10.2353/ajpath.2010.090545 PMID: 20008135
36. Le SJ, Gongora M, Zhang B, Grimmond S, Campbell GR, Campbell JH, et al. Gene expression profile
of the fibrotic response in the peritoneal cavity. Differentiation. 2010; 79: 232–243. doi: 10.1016/j.diff.
2010.03.001 PMID: 20395036
37. HuWJ, Eaton JW, Ugarova TP, Tang L. Molecular basis of biomaterial-mediated foreign body reac-
tions. Blood. 2001; 98: 1231–1238. PMID: 11493475
38. Dang TT, Thai AV, Cohen J, Slosberg JE, Siniakowicz K, Doloff JC, et al. Enhanced function of
immuno-isolated islets in diabetes therapy by co-encapsulation with an anti-inflammatory drug. Bioma-
terials. 2013; 34: 5792–5801. doi: 10.1016/j.biomaterials.2013.04.016 PMID: 23660251
Neutrophils and Biomaterial Implants
PLOS ONE | DOI:10.1371/journal.pone.0137550 September 10, 2015 16 / 16
